The synthesis of bacteriophage T7 DNA in vivo requires the products of the viral genes 1, 2, 3, 4, 5, and 6 (2-4). In addition, T7 DNA replication is dependent on at least two components provided by the host. Chamberlin (5) has isolated two classes of Escherichia coli mutants, tsnB and tsnC, which are unable to support the growth of the phage. Both mutants are killed by T7 phage infection. Although all of the phage genes are expressed as judged by gel electrophoretic analysis of radioactively labeled proteins synthesized after infection, T7 DNA replication terminates prematurely in the infected tsnB hosts, and there is no detectable DNA synthesis in the infected tsnC hosts (5) . The functions of the tsnB and tsnC gene products were unknown, however, since E. coli mutants defective in either gene were able to grow normally.
Recently we reported that extracts of the infected tsnC mutants are deficient in T7 DNA polymerase (DNA nucleotidyltransferase; deoxynucleosidetriphosphate:DNA deoxynucleotidyltransferase, EC 2.7.7.7) activity (6) , an enzyme previously thought to be the product of a single gene, gene 5 of the phage (7) . Extracts prepared from uninfected E. coli tsnC+ cells restored normal levels of the phage DNA polymerase to the infected cell extracts and provided a source for the purification to homogeneity of TsnC protein responsible for this complementation. The TsnC protein has a molecular weight of 12,000 and is unusually heat stable. The T7 DNA polymerase itself is composed of two subunits, one specified by the tsnC gene of E. coli, and the other specified by gene Abbreviations: DTNB, 5,5'-dithio-bis(2-nitrobenzoic acid); thioredoxin-(SH)2, reduced form of thioredoxin; thioredoxin-(S)2, oxidized form of thioredoxin. * This is Paper VII in a series entitled "Bacteriophage T7 Deoxyribonucleic Acid Replication In Vitro." The previous paper is ref.
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5 of the phage (8) . The E. coli TsnC protein functions by combining with the T7 gene 5 protein to become a subunit of the phage-induced polymerase.
In this paper we show that the TsnC protein is, in fact, thioredoxin (9) , an E. coli protein involved in the synthesis of deoxyribonucleotides (10) . As shown in Fig. 1 , thioredoxin can provide the reducing power in the form of two cysteine residues for the reduction of ribonucled'side diphosphates to deoxyribonucleoside diphosphates in a reaction catalyzed by ribonucleoside diphosphate reductase. In the process the two cysteine residues of thioredoxin are oxidized to cystine, and the reduced form of thioredoxin is regenerated by the action of thioredoxin reductase at the expense of one molecule of TPNH. The identity of TsnC protein as thioredoxin provides an additional role for this protein in DNA metabolism since, as a host-specified subunit of phage T7 DNA polymerase, it is essential for the replication of T7 DNA. In addition, our data raise questions concerning the direct participation of components of nucleotide precursor pathways in the process of DNA replication. Furthermore, an absolute requirement for thioredoxin in nucleotide reduction must be questioned in view of the existence of nonlethal mutations affecting this protein. A preliminary report of this work has been presented (11 T7 and T4 DNA polymerase activities were determined as previously described (7, 12) except that heat-denatured salmon sperm DNA was used in both assays.
Thioredoxin activity was determined by Method 2 of Laurent et al. (9) . This assay measures the reaction between DTNB and the thiol groups in thioredoxin-(SH)2 to form a yellow product and thioredoxin-(S)2. Thioredoxin-(SH)2 is regenerated by thioredoxin reductase and TPNH. Thus the rate of color formation at 412 nm measures the amount of thioredoxin present in the reaction mixture. A Gilford-Beckman recording spectrophotometer was used for these rate measurements. One unit of thioredoxin activity is defined as the amount resulting in a change in absorbance at 412 nm of 1.0 per minute under the conditions of the assay. The enzymes were diluted, when necessary, with 0.05 M Tris-HCI buffer (pH 7.6), 1 mg/ml of bovine serum albumin, and 0.05 mM dithiothreitol.
Polyacrylamide Gel Electrophoresis. Electrophoresis in the presence of 0.1% sodium dodecyl sulfate was performed according to the method of Weber and Osborn (13) except that the samples were denatured and reduced at 700 for 20 min. The gels were stained for protein with Coomassie brilliant blue (15) .
RESULTS
In considering the role of the TsnC protein in the host, the low molecular weight and extreme heat stability of the protein suggested a relationship to other known E. coli proteins with similar properties. Among these the E. coli DNA binding protein (16) and the host factor for the QB replicase (17) failed to show TsnC activity (8) . However, by a number of criteria the 12,000 dalton heat-stable thioredoxin of E. coli is identical to TsnC protein. We are grateful to Dr. Neal Brown for pointing out similarities between the two proteins and for providing us with homogeneous thioredoxin. Electrophoretic analysis The molecular weight of 12,000, previously determined for the denatured and reduced TsnC protein (6) , is the same as that of E. coli thioredoxin (9) . As shown in Fig. 2 Units and assay procedures for both TsnC protein and thioredoxin are described under Materials and Methods. Thioredoxin activity was measured after dialysis against 0.02 M Tris.HCl (pH 7.6), 0.25 mM EDTA, to remove 2-mercaptoethanol or dithiothreitol which were present in the TsnC protein or thioredoxin preparations.
one residue of methionine, arginine, and histidine, and the two residues of half-cystine characteristic of thioredoxin. The molecular weights of the two proteins, as calculated from their amino-acid compositions, are 11,273 for the TsnC protein and 11,360 for thioredoxin. Both the amino-acid analysis and the molecular weight estimates for these two proteins coincide closely with the previously published results (8, 18) . Inhibition of TsnC activity by antibody to thioredoxin Antibody prepared against homogeneous preparations of thioredoxin (14) inhibits the ability of preparations of both TsnC protein and thioredoxin to form an active T7 DNA polymerase in the presence of gene 5 protein (Table 3 ). The amount of antibody used in the experiment shown in Table  3 was sufficient to inhibit TsnC activity by greater than 95%. In another experiment, however, an amount sufficient to inhibit TsnC activity of thioredoxin by 60% inhibited TsnC protein only 34%. The inhibition observed in these studies does not arise from destruction or inhibition of some (8) . Similarly, as shown in Fig. 3 , when the T7 DNA polymerase is heated to 1000 prior to chromatography on DEAE-cellulose, both TsnC and thioredoxin activities elute together at 0.1 M NaCl. Thus, thioredoxin is present in T7 DNA polymerase.
The presence of thioredoxin in purified T7 DNA polymerase can be demonstrated directly without prior heat denaturation of the enzyme. As shown in Table 4 50% (vol/vol) glycerol was heated at 1000 for 2 min, chilled on ice, and then centrifuged at 15,000 X g for 15 min. The supernatant fluid was then adsorbed to a 2.5 ml DEAE-cellulose column equilibrated with 0.02 M Tris.HCl (pH 7.6), 0.25 mM EDTA. After washing with 2.5 ml of the same buffer, the protein was eluted with a 20 ml linear gradient of NaCl (0.0-0.3 M) in the same buffer. Fractions of 0.5 ml were collected. TsnC and thioredoxin activities were determined as described under Materials and Methods.
with the values found for purified TsnC protein and thioredoxin ( Table 1) .
The polymerizing activity of T7 DNA polymerase is also inhibited by antibody prepared against thioredoxin ( Table  3 ). The addition of antibody to the standard polymerase assay, or incubation of antibody with polymerase prior to addition to the reaction mixture, gave a maximal inhibition of approximately 50%. Addition of a 10-fold excess of antibody did not increase this inhibition. By comparison, the T4 DNA polymerase is not inhibited under these conditions (Table 3) . Examination of the kinetics of the polymerization revealed that the effect of the antibody was to decrease the rate of the polymerization at all times during a 30-min incubation (data not shown). In contrast to the 50% inhibition observed with purified T7 DNA polymerase, a preparation of T7 DNA polymerase reconstituted from purified gene 5 protein and thioredoxin could be completely inhibited (greater than 95%) by antibody. DISCUSSION Bacteriophage T7 DNA polymerase is composed of two subunits, the 84,000 dalton gene 5 protein specified by the phage, and the 12,000 dalton TsnC protein provided by the host (6, 8) . The evidence presented in this communication identifies the TsnC protein as E. coli thioredoxin. The specificity of the thioredoxin-gene 5 association is illustrated by the inability of the thioredoxin coded by phage T4 (20, 21) to interact with gene 5 protein to form an active T7 DNA polymerase (unpublished results). This result isinot surprising, however, in view of the immunological and structural differences in the two thioredoxins (14, 22) .
The efficiency of forming an active DNA polymerase from T7 gene 5 protein and thioredoxin in vitro (6) , combined with the detailed structural data on thioredoxin (19) , makes this an ideal system for studying functional proteinprotein interactions. Thioredoxin forms dimeric molecules in the crystalline state (19) and it has been postulated that these interactions might be of physiological significance, perhaps constituting the sites involved in subunit interaction The possibility must also be considered that T7 DNA polymerase in vivo has a ribonucleotide reducing activity in addition to its polymerase activity. The reduction of nucleotides at the polymerization site could enhance the efficiency of reduction and polymerization, or it could function as a control mechanism. A more remote possibility is that T7 DNA polymerase could play a role in a hypothetical in situ reduction of ribonucleotide primers at the moment of initiation of DNA replication.
The thioredoxin-deficient mutant E. coli 7004 tsnC can grow normally, and the only phenotypical difference beBiochemistry: Mark and Richardson 784 Biochemistry: Mark and Richardson tween it and its intact parent is the failure of the mutant strain to support the growth of phages 02, T3, and T7 (5). In fact, the E. coli 7004 mutant has no detectable thioredoxin activity in assays using thioredoxin reductase or ribonucleotide reductase, and immunoassay for thioredoxin in the mutant cells reveals less than 1% of the levels present in wildtype E. coli (Arne Holmgren, personal communication). The immunoassay could of course reflect a change only in the antigenic sites of the thioredoxin, leaving the residual protein function intact. It is possible that the normal cell requires only minute amounts of thioredoxin in order to synthesize nucleotide precursors since, as indicated in Fig. 1 , thioredoxin is constantly recycled. However, if such a small amount of thioredoxin were sufficient in vivo, it would be difficult to explain why 3000 to 5000 molecules are normally present per cell (6) . Perhaps there is another as yet undiscovered in vivo function for thioredoxin which would justify the synthesis of so many molecules. The possibility must be considered that there are cofactors other than thioredoxin, either known in other capacities or as yet undetected, which can supply reducing power to ribonucleotide reduc-
